On April 11, 1986, at about 0600 UT a long Pc 1 wave event of the hydromagnetic chorus type started on the ground, as registered by the Finnish pulsation magnetometer network. The main pulsation band at about 0.3 Hz was observed for several hours. Soon after start, this band smoothly extended to higher frequencies, forming another separate wave band which¯nally reached up to 0.5 Hz. During the event the Viking satellite was on its southbound pass over Scandinavia, close to the MLT sector of the ground network. From 0650 until 0657 UT, Viking observed a chain of Pc 1 bursts with increasing frequency. The strongest bursts could be grouped into two separate wave regions whose properties di®ered slightly. The higher-latitude region had a frequency of 0.3 Hz, well in agreement with the main Pc 1 band on the ground. The lower-latitude region contained the highest frequencies observed on the ground at about 0.5 Hz. The latitudinal extent of both wave regions was about 0.5 ± . They had slightly di®erent normalized frequencies, Alfv ¶ en velocities, and repetition periods. Most interestingly, the repetition periods of both wave sources were too short for the bursts to be due to a wave packet bouncing between the two hemispheres. The results give new information about the high-latitude Pc 1 waves, showing that they can consist of separate repetitive but nonbouncing bursts. We suggest that the long-held bouncing wave packet hypothesis is generally incorrect and discuss two alternative models where the burst structure is formed at the equatorial source region of the waves. 
Introduction
Energetic ions with temperature anisotropy are subject to the ion cyclotron instability and give rise to electromagnetic ion cyclotron (EMIC) waves [Brice, 1965; Cornwall, 1965 Cornwall, , 1966 Kennel and Petschek, 1966] . These waves can, in favorable conditions, propagate to the ground and be observed as Pc 1 pulsations [McPherron et al., 1972; Bossen et al., 1976] . After their¯rst observation in 1936 [Sucksdor®, 1936; Harang, 1936] the Pc 1 waves have been studied extensively on the ground (for early reviews, see, e.g., Troitskaya and Guglielmi [1967] and Saito [1969] ) and later in situ by space observations, using low-altitude [e.g., Iyemori and Hayashi, 1989; Mursula et al., 1994a; Erlandson and Anderson, 1996] , midaltitude [e.g., Taylor and Lyons, 1976; Erlandson et al., 1990 Erlandson et al., , 1992 , geostationary [McPherron et al., 1972; Bossen et al., 1976; Roux et al., 1982] , and high-altitude satellites [Kaye and Kivelson, 1979; Anderson et al., 1992a, b; Fraser et al., 1996] .
The di®erent types of Pc 1 waves observed on the ground have been classi¯ed according to their morphological appearance in sonagrams (dynamic spectra) [Fukunishi et al., 1981] . At low latitudes and midlatitudes the most common Pc 1 type is the pearl pulsation [Benio®, 1960] , also called structured Pc 1, which consists of clearly separate and regularly repeated wave bursts or pearls. The generally accepted model of pearl pulsations, which was already presented more than 30 years ago [Jacobs and Watanabe, 1964; Obayashi, 1965] , assumes that the pearls are due to a wave packet, propagating along the magnetic¯eld line and bouncing from one hemisphere to another, with subsequent losses at the two conjugate points being compensated by wave growth at the equator [Criswell, 1969; Gendrin et al., 1971] . Different methods using ground-based [Roth and Orr, 1975; Lewis et al., 1977; Webster and Fraser, 1985] and satellite observations [Taylor and Lyons, 1976; Fraser et al., 1989; Erlandson et al., 1990 Erlandson et al., , 1992 locate the pearl Pc 1's mainly inside but close to the plasmapause where, because of the guidance of waves by plasma gradients, appropriate conditions for wave propagation and growth are expected [Mazur and Potapov, 1983; Thorne and Horne, 1992] .
However, Pc 1 wave types other than pearl pulsations dominate the ground-based observations at high latitudes above approximately L = 5 [Fukunishi et al., 1981; Mursula et al., 1994b] . Also, satellite studies show that very few structured Pc 1 waves are observed at and beyond the geostationary orbit [Gendrin et al., 1978] . Since the high-latitude Pc 1's are not as clearly structured as the pearl pulsations, they are sometimes generically called unstructured pulsations. Note, however, that occasional pearls or other bursts of varying intensity can appear among a more di®use background even in these Pc 1 types. This is true in particular for a common high-latitude Pc 1 wave type called the hydromagnetic (HM) chorus [Fukunishi et al., 1981] . Satellite observations show [Bossen et al., 1976; Anderson et al., 1992a] that EMIC wave occurrence at the equator maximizes in the postnoon sector, with increasing probability of wave occurrence for increasing equatorial distance at least up to about L = 8. This is in agreement with ground observations where maximum occurrence of (mainly unstructured) Pc 1's is found at auroral latitudes [Troitskaya and Guglielmi, 1970] . Moreover, the diurnal MLT distribution of unstructured Pc 1 waves on the ground coincides with that of equatorial EMIC waves . Accordingly, the spatial distributions of structured and unstructured pulsations are rather different. The former prefer the plasmasphere, and the latter prefer the plasmatrough (plasma sheet) region.
The repetition period of pearls on the ground is typically a couple of minutes. Ground-based Pc 1 pearl observations depict a fair correlation between the pearl repetition rate T and wave period t [see, e.g., Troitskaya and Guglielmi, 1967] with a proportionality constant of about 100 (when the times are given in seconds). The pearl repetition period has also been estimated from a number of satellite studies where repeated Pc 1 bursts were observed. For example, Fraser et al. [1989] observed repetition periods from 135 s to 160 s for a structured Pc 1 wave at frequency f = 0.65 Hz and source region at L = 4:7. obtained a repetition rate of 154 s at f = 0.6 Hz and L = 5:3. Somewhat shorter repetition periods (T = 55-60 s) and higher frequencies (f = 1.5 Hz) were observed by Erlandson et al. [1992] at lower latitudes (L = 4). In all these cases the above relation between the two periods holds reasonably well. In spite of this success the results do not prove the bouncing wave packet (BWP) hypothesis but only verify the experimental consistency between satellite and ground wave observations. In order to have strong support for the BWP model the observed repetition periods should be the same as those calculated theoretically. However, the theoretical estimates are greatly dependent on various plasma parameters, in particular, the amount and distribution of equatorial heavy ions which strongly affect the wave group velocity when the wave frequency is close to a heavy ion gyrofrequency [Fraser, 1972; Ludlow and Hughes, 1993] . Erlandson et al. [1992] calculated that, for example, a change in latitudinal width of equatorial cold helium ions from 1 ± to 10 ± increased the repetition time by a factor of 2. Furthermore, Ludlow and Hughes [1993] showed that the temperature (warm plasma) e®ects can signi¯cantly change the repetition period compared to the cold plasma estimate. Therefore the theoretical calculations cannot give a su±ciently accurate estimate in order to give¯rm evidence for the BWP hypothesis.
Several studies have investigated the direction of propagation of waves in the magnetosphere. A common method has been to calculate the wave Poynting°u x. This has been used for near-equatorial [Mauk and McPherron, 1980; LaBelle and Treumann, 1992; Fraser et al., 1996] as well as midaltitude [Erlandson et al., 1990] observations with the result that most°ux is directed away from the equator into the ionosphere. The same result was obtained by using the lag of the cross-correlation function of waves observed in space at midaltitudes and ground. Furthermore, Erlandson et al. [1990] found that the waves at midaltitudes were propagating nearly in the direction of the background magnetic¯eld, suggesting that the wave source was at a higher altitude along the¯eld line. In the bouncing wave packet hypothesis the observation of downward propagating Pc 1 waves is reconciled by arguing that while the wave energy is mainly directed into the ionosphere, a su±ciently large fraction of waves are re°ected back toward the equator. However, Erlandson et al. [1992] found that especially during the most intense Pc 1 pearl waves the amount of re°ected wave power was quite small, less than about 10-20%.
In this paper we present the¯rsts results of a detailed analysis of a HM chorus type Pc 1 wave event observed in the magnetosphere at midaltitudes by the Swedish Viking satellite and on the ground by the Finnish search-coil magnetometers at KilpisjÄ arvi (KIL), Ivalo (IVA), and Rovaniemi (ROV) (see Table  1 for coordinates of the stations). The event started on April 11, 1986, at about 0600 UT, and Pc 1 wave activity lasted as a nearly continuous band on the ground until about 1400 UT. Roughly 1 hour after the start of the event the Viking satellite was on its southbound pass (orbit 266) over Scandinavia at the altitude of about 13000 km in the late morning sector at 09 MLT. The ionospheric footpoint of the satellite was close to the Finnish network. (See Figure 1 for Viking footpoint location. For a review of the Viking satellite, see Hultqvist [1987] .) In the next section we will present the wave observations at Viking and on the ground. In section 3 we will discuss the large-scale evolution of the event, which led to the Viking observation of two separate and di®erent Pc 1 wave source regions. Several detailed properties of these sources (e.g., normalized frequencies, amplitudes, Alfv ¶ en velocities, latitudinal widths, and repetition periods) are derived from Viking observations. Both wave regions consist of separate bursts repeated at a fairly short and nearly equal repetition period. We will argue that the bursts cannot be due to a bouncing wave packet and discuss some alternatives to the BWP hypothesis. Finally, section 4 presents our summary and conclusions.
Observations

Viking Observations
From 0650 until 0657 UT several bursts of Pc 1 activity were seen in both electric and magnetic¯eld measurements. Plate 1 depicts the waveform (¯ltered in view of better visibility for relevant frequencies from 0.2 to 0.8 Hz) and the dynamic spectra for one electric component (E2, perpendicular to the ambient magnetic¯eld) and one magnetic component (r3, perpendicular to electric¯eld and almost perpendicular to ambient magnetic¯eld; magnetic components are residuals where a model value has been extracted from the observed¯eld). Viking was in a cartwheel spinning mode, measuring two components of electric¯eld in the spin plane, one mainly¯eld-aligned, the other perpendicular to the ambient magnetic¯eld. During the time of Pc 1 wave observations, Viking was headed equatorward, crossing invariant latitudes from L = 6.3 to L = 5.6 at about 09 MLT.
The eight separate wave bursts (B1-B8) observed by the electric¯eld were numbered in order of detection in Plate 1. The largest¯ve bursts among these are grouped in two separate wave regions: the¯rst one at about 0650-0651 UT consisting of B1 and B2 with a low wave frequency of about 0.3 Hz, and the second one consisting of B6, B7, and B8 at about 0655-0657 UT with a higher wave frequency of about 0.5 Hz. We will thus call the¯rst region the low-frequency wave source and the second region the high-frequency source. Between these two regions of large amplitude bursts a few weaker wave bursts are observed. Of these, B3 has a fairly high amplitude but a very short duration. It has a similar frequency as waves of the high-frequency source, which appear slightly later. Bursts 4 and 5 are rather weak. The frequency of B4 is slightly above that of the low-frequency source, and B5 has a frequency of about 0.4 Hz, clearly between the frequencies of the two main sources. Accordingly, there is indication of a weak third source of Pc 1 waves, which we will call the intermediatefrequency source. Note that neglecting B3, the frequency of wave bursts observed by Viking increases continuously as the spacecraft°ies from high to low latitudes.
Some wave bursts are less clearly observed in the magnetic¯eld than in the electric¯eld (see Plate 1). This is mainly due to the relatively lower sensitivity of the magnetic¯eld sensor for detecting waves of such a small amplitude from the fairly large background magnetic¯eld at Viking altitude. (The viability of the Viking magnetic¯eld instrument to observe EMIC waves was earlier demonstrated by Erlandson et al., [1990] .) Accordingly, the magnetic eld amplitudes of the bursts in Plate 1 are rather low in comparison to background noise. Nevertheless, bursts 2, 3, 6, and 7 are strong enough to stand out even in the waveform of the magnetic r3 component. Furthermore, the magnetic¯eld spectrogram (Plate 1) shows a quite similar overall pattern as the electric¯eld and veri¯es that these four bursts have the same frequencies in the magnetic and electric¯elds. (The same results were obtained for the other perpendicular magnetic component (r2), where some of the bursts, e.g., B2 and B8, are seen even more clearly than in r3. However, since the corresponding electric component (E3) is not available, we do not use the r2 component in the paper.) Therefore the magnetic eld amplitudes of these bursts are large enough to be considered reliable measurements of the magnetic component of corresponding Pc 1 waves. Finally, we already note that (see Plate 1) the largest electric amplitudes are found for the low-frequency source, but the largest magnetic¯eld amplitudes are found for the high-frequency source. A more accurate analysis of this and other di®erences between the two main wave sources is postponed to section 3.
Ground-Based Observations
Plate 1 also includes the waveform of the D component observed at the IVA station simultaneously at the time of the Viking Pc 1 wave bursts. The IVA waveform was band-pass¯ltered in two frequency ranges (0.25-0.35 Hz and 0.5-0.6 Hz) around the frequencies of the two Viking wave sources so as to increase the correspondence between ground and Viking for bursts from the two sources. Plate 1 shows that the ground signal was modulated at roughly the same period as observed by Viking. (This is more clear for the stronger low-frequency signal). In a detailed comparison, for example, the two Viking low-frequency bursts match well with the two bursts observed at IVA some 15-20 s later. The higher-frequency signal is much weaker and therefore more noisy, but even there, during the Viking high-frequency bursts a sequence of bursts is observed with repetition period and time delay in reasonable agreement with Viking observations. The overall time delay of ground bursts corresponds well with the expected time delay for waves propagating from Viking to ground. Such a correlation between Viking and ground bursts veri¯es, for example, that the bursts observed by Viking are temporal rather than spatial.
In a larger timescale, Figure 2 depicts the dynamic spectra at three Finnish stations in an isocontour line presentation from the start of the event prior to 0600 UT until after 0900 UT. As seen in Figure 2 , the three ground stations observe a nearly continuous band of waves with maximum power at about 0.3 Hz for most of the nearly 4 hour time interval depicted. This frequency range corresponds well to the low-frequency wave source observed by Viking. We have studied this question in more detail by calculating power spectra for the three ground stations and the Viking electric¯e ld at speci¯c time intervals. Figure 3a and 3b depict power spectra at the time when Viking observed the low-frequency and high-frequency wave source, respectively, and Figure 3c corresponds to a later time after the Viking°yby. Figure 3a shows that all three ground stations have a power maximum at about 0.3 Hz, in good agreement with the frequency of the simultaneous Viking low-frequency source. Note also that during the observation of the low-frequency waves, Viking was at a slightly higher invariant latitude than KIL, the highest-latitude station of the chain. Figure  3a shows that the wave power of the 0.3 Hz maximum decreases with decreasing latitude of the station, with KIL having the largest power and ROV having the smallest. This also suggests that the low-frequency source was closest to the L shell of the KIL station.
The low-frequency source is seen as a corresponding maximum in the ground station power spectra even at later times, for example during the Viking highfrequency wave observations ( Figure 3b ) and after the Viking°yby (Figure 3c ). Note that the power of the low-frequency source at KIL stays almost invariant for the times plotted in Figure 3 , demonstrating the great stability and persistence of the low-frequency source. Figure  3b shows that the power of the intermediate peak at IVA greatly exceeds that of the low-frequency source. These facts imply that the intermediate-frequency source is, at this time, located at a lower latitude than the low-frequency source, closest to the L shell of IVA station. Overall, the power of the intermediatefrequency source at the lower-latitude stations varies roughly by a factor of 4-5.
It is also interesting to note that the Viking highfrequency (0.5 Hz) wave source is only observed as a simultaneous spectral knee at the three ground stations ( Figure 3b ). (A similar knee is observed on the ground in Figure 3a prior to the Viking observation of this source.) However, there is clear evidence that the spectral power of the Viking high-frequency source is increasing with time at all three stations. This is par-ticularly visible after the Viking°yby in Figure 3c , where the related power is enhanced by a factor of 3-5 with respect to Figure 3a and 3b and the spectral knees in Figure 3a and 3b have turned to small spectral peaks at 0.5 Hz in Figure 3c . This development is also seen in the dynamic spectra of Figure 2 as a continuous extension of the spectrum toward higher frequencies during the event. (This will be discussed more in the next section.)
We have also included in Figure 3 the values of the equatorial helium gyrofrequencies calculated for each station corresponding to the conditions during the event (see also Table 1 ). The gyrofrequencies of IVA and ROV stations are clearly but not very far above the 0.3-0.5 Hz frequency range, where main wave power is observed. Note that a sharp dropout in wave power is observed at all stations close to the KIL gyrofrequency in Figure 3a . As higher frequencies are further enhanced later in time ( Figure 3b and 3c), this dropout becomes more di®use and moves to a slightly higher frequency between the KIL and IVA gyrofrequencies.
Discussion
Large-Scale Evolution of Wave Sources
The period of observations studied in this paper was very quiet geomagnetically, and Kp was 1+ during the 3 hour interval from 0600 to 0900 UT. Dst was about -25 nT after a minor storm (minimum -50 nT) that occurred during the previous day. This indicates that a considerable amount of energetic ions existed in the ring current during the observations. Furthermore, a considerable substorm with an AE index reaching nearly 500 nT occurred at 0400-0500 UT. This caused a small decrease in Dst at 0500 UT, indicating a new enhancement of the ring current by substorm particles. The Pc 1 wave activity studied here started soon after this additional ring current enhancement.
As mentioned above, the energy for EMIC waves is supplied by energetic ions with temperature anisotropy (T ? > T k ) [Brice, 1965; Cornwall, 1965 Cornwall, , 1966 Kennel and Petschek, 1966; Mauk and McPherron, 1980; Young et al., 1981] . The ions are also drifting around the Earth on some range of L shells. The main drift shell of ions producing the low-frequency EMIC waves was, at least over this 2 hour MLT range in the late morning sector, at about L = 6.1-6.3, as determined by Viking (see Plate 1). As seen above (Figures 2 and 3) , the low-frequency wave source was quite stable, attaining a comparable high power for more than 2 hours. Given the above mentioned connection between waves and ions, the stability and persistency of low-frequency waves on the ground must re°ect the similar stability of source ions. Low geomagnetic activity during the event suggests that no major changes occurred in the magnetospheric structure. Accordingly, ion drift conditions remained fairly stable, leading to a smooth evolution of wave activity on the ground.
In addition to the low-frequency band at 0.3 Hz, there were waves even at higher frequencies. As depicted in Figure 2 , waves above the low-frequency band appeared soon after the start of wave activity on the ground, and by 0620 UT they already formed a separate spectral maximum, i.e., a separate wave band. This second band was continuously and smoothly extending to higher frequencies during the whole time of its existence until a decrease in intensity after 0720 UT. This band includes the intermediate-frequency (0.4 Hz) waves observed, for example, during the Viking°yby (Figures 3a and 3b ) and the high-frequency (0.5 Hz) waves slightly later. The existence of this second band and its continuous extension to higher frequencies can be understood by a radially inward spreading or di®usion of energetic ions to lower L shells with a higher magnetic intensity and ion gyrofrequency. The common origin of the two wave bands and their smooth separation suggests that the ions producing the second band are originally part of the ion population responsible for the low-frequency band. When moving to lower L shells, increasing plasma density can lower the critical ion energy [Gendrin et al., 1971] and thus enhance wave growth at the leading edge of the spreading ion cloud. This can explain why Viking observes two separate wave bands with minor wave activity in between, rather than one band with a large frequency spread and equally distributed wave power.
The second band and its development is most clearly seen at the IVA station, where its intensity was roughly equal to the intensity of the low-frequency band for a long time (see Figures 2 and 3) . In particular, during the Viking°yby (Figures 3a and 3b) the power of the second band was clearly higher at IVA than at KIL or ROV. This veri¯es that by this time the source region of the second band was located equatorward of the low-frequency band, closest to the IVA station. Somewhat later, soon after 0700 UT the second band attains its highest power at ROV (see Figures 2 and 3c ). This development gives further evidence that the source region of the second band was really moving to lower latitudes during the event.
Frequencies of Viking Wave Bursts
As already mentioned (see also Plate 1), the frequency of all Viking wave bursts except for B3 increased with decreasing latitude of the satellite. This is, of course, expected because of the higher value of the equatorial magnetic¯eld and the higher equatorial ion gyrofrequency at lower latitudes. We have tabulated in Table 2 some properties of four of the main Viking bursts (B2, B3, B6, and B7). The fre-quencies (denoted by f) of all bursts are below the calculated equatorial helium gyrofrequency f g (He + ) [Tsyganenko, 1989] . This frequency range corresponds well to the wave growth region between oxygen and helium gyrofrequencies, which is favored when a nonnegligible amount of He + ions exists [Kozyra et al., 1984, and references therein] . On the basis of earlier Viking Pc 1 wave observations, Erlandson et al. [1990] found that in the L value range from L = 4.5 to about L = 8 (including the present case), waves were generated both above and below the corresponding equatorial helium gyrofrequency. However, at higher (lower) L the waves were found dominantly above (below) the helium gyrofrequency. Gombero® and Neira [1983] noted that in the case of a large temperature anisotropy the waves are preferably produced above the helium gyrofrequency. This suggests a moderate anisotropy of about A ' 1 in the present case. Horne and Thorne [1994] calculated the wave growth in the outer magnetosphere and found great di®er-ences in the unstable frequency for di®erent density conditions at di®erent MLT sectors. Our observation in the prenoon sector agrees with their result of enhanced wave growth below f g (He + ) at dayside. Note also that the frequency of the bursts increased somewhat faster with decreasing latitude than with the calculated He + gyrofrequency, thus leading to the observation that the normalized frequency f=f g (He + ) of the low-frequency source was slightly lower (about 0.6) than that of the high-frequency source (about 0.8). Of course, this result su®ers from problems related to¯eld line mapping and is based on small statistics. However, taken at face value, this observation may sound somewhat surprising, and it is interesting to study possible causes of the di®erence. Therefore we calculated the wave growth rate for reasonable plasma parameter values (at the equator where EMIC waves are generated) and its variation as a function of invariant latitude, while keeping the plasma parameters¯xed. (A change in L value leads to a corresponding change in magnetic¯eld intensity in the dipole model.) For example, for a mixture of cold plasma (90% protons, 10% helium, density 50 cm ¡3 ) and warm ions (99% protons, 1% helium, density 1 cm ¡3 , perpendicular temperature 50 keV, anisotropy A = 1) we found that the normalized frequency attains the value of 0.6 at about L = 6, which agrees very well with the observed normalized frequency of the low-frequency waves. Even more interestingly, the normalized frequency increases with decreasing invariant latitude and, for the above-mentioned parameter values, explains about half of the observed increase in normalized frequency between the two main wave regions. Moreover, the same qualitative behavior was observed for a large range of reasonable parameter values, not only for those mentioned above. Accordingly, the observed increase in normalized frequency is indeed expected and can be understood without sizable changes in plasma environment between the two main wave regions.
As an additional exercise, we also studied the variation of the normalized frequency as a function of some equatorial plasma parameters. For example, there is hardly any change in normalized frequency when the density of energetic ions is varied in a reasonable range of values (but keeping other plasma parameters and L shell¯xed). However, increasing equatorial cold plasma density will decrease the normalized frequency, but the change is very slow. In order to counteract the above mentioned increase of normalized frequency with decreasing latitude, equatorial plasma density of the high-frequency waves should be about 10 times larger than that of the low-frequency waves. Given the short distance between the two wave regions, such a large change is not expected.
More interestingly, we found that the normalized frequency increases when the perpendicular temperature of the energetic ions decreases. A change of temperature from 50 keV to about 20 keV can alone explain the observed increase of the normalized frequency from 0.6 to 0.8. Taking the decrease of the L shell into account, even a smaller decrease in temperature is su±cient to explain the whole change. Therefore the observed increase in normalized frequency suggests that the energetic ions have indeed lost some energy into waves before reaching the lower latitudes of the high-frequency wave region. Note that the same mechanism, i.e., a gradual loss of ion energy during the event, can also explain the¯nite duration of the highfrequency wave band. This mechanism would imply that the amplitude of the second band decreases unless other factors compensate the e®ect. However, while moving to lower latitudes, the increasing cold plasma density could act as such a compensating factor, since wave growth increases with increasing plasma density [Cornwall, 1965; Gendrin et al., 1971] . Therefore the second band may have a considerable power for some time even at quite low latitudes, in agreement, for example, with the large power of the ROV station in Figure 3c . This is also in agreement with the above mentioned view that waves are enhanced at the equatorward edge of the expanding ion cloud, leading to two distinct wave bands with only minor activity between these two regions.
Amplitudes and Alfv ¶ en Velocities of Viking Wave Bursts
Table 2 also depicts the electric and magnetic¯eld amplitudes of the four Viking wave bursts. As already noted above, the Viking electric and magnetic¯elds seem to vary di®erently, the former slightly decreasing and the latter sizably increasing with decreasing latitude. Accordingly, the electric E2 component of the low-frequency waves (e.g., B2) is somewhat larger than that of the high-frequency waves (e.g., B6 and B7), while the reverse is true for the corresponding magnetic r3 component. We have calculated the ratio of these orthogonal electric and magnetic components in order to obtain a rough estimate for the local Alfv ¶ en velocity. (Actually, this estimate requires¯eld-aligned propagation of waves. Since the waves were observed at rather high magnetic latitudes, far away from their equatorial source region, they are most probably class I waves which prefer¯eld-aligned direction, see, e.g., Rauch and Roux [1982] . Also, the fact that the two wave frequencies correspond well to thē eld-aligned calculated equatorial He + gyrofrequencies supports this assumption.) Alfv ¶ en velocity decreases from above 2500 km/s for low-frequency waves to below 1500 km/s for high-frequency waves. Unfortunately, these estimates are undermined by the lack of the other perpendicular electric¯eld component. Furthermore, the magnetic r2 component (not shown), which corresponds to the missing electric component, displays somewhat di®erent relative amplitudes for the various bursts than the r3 component, implying changes in wave polarization. Therefore, although the overall range of the observed Alfv ¶ en velocities is reasonable, the present estimates cannot be taken too rigorously.
However, despite the caveats noted above, it is interesting to study how the di®erence in local Alfv ¶ en velocity between the two wave regions could be explained. Alfv ¶ en velocity is proportional to magnetic eld density and inversely proportional to the square root of plasma mass density. During the Pc 1 wave observations, Viking was°ying to lower latitudes at a slowly decreasing altitude such that magnetic¯eld intensity remained almost constant during this time, decreasing by less than 1%. Thus a change in magnetic¯eld intensity is far too small to explain the observed decrease. However, plasma (mass) density is expected to increase both toward lower latitudes and lower altitudes, and the rate of change can be considerably faster than for the magnetic¯eld. This o®ers the possibility that the local plasma mass density indeed increased between the two wave sources, leading to the observed decrease in Alfv ¶ en velocity. Thus a decreasing value of Alfv ¶ en velocity along the Viking orbit is expected and can be understood in terms of general magnetospheric conditions. Moreover, using the measured magnetic¯eld intensity (about 1650 nT) and the above calculated Alfv ¶ en velocity, one can get a rough estimate of the local mass density. Assuming the plasma consists mainly of protons, the number density is about 320 cm ¡3 for Alfv ¶ en velocity of 2000 km/s. While this estimate is in the generally correct order of magnitude, it may vary by a factor of 3 around this value for the range of Alfv ¶ en velocities mentioned above.
Burst Durations and Latitudinal Width of Wave Regions
As already discussed above, the Viking electric¯eld instrument observed two intense bursts (B1 and B2) of the low-frequency source and three bursts (B6-B8) of the high-frequency source. The durations of the two low-frequency bursts were roughly similar, about 40 s. However, the high-frequency bursts were slightly shorter, and their duration varied by a factor of 2. The shortest burst (B7) was about 20 s long, and the longest (B6) was about 35 s. (Note also that the amplitude envelope of the low-frequency bursts changed more smoothly than that of the highfrequency bursts.) Nevertheless, the average burst duration observed now is close to that of a sequence of Pc 1 pearls detected by Viking at the same altitude and MLT sector but at somewhat lower latitudes [Erlandson et al., 1992] . As a comparison, it is interesting to note that on the basis of observations from satellites at di®erent altitudes the average duration of EMIC wave bursts seems to increase with altitude from about 5-10 s at a low ionospheric orbit [Iyemori and Hayashi, 1989] , to 10-25 s above the main ionosphere [Mursula et al., 1994a] , and to 30-40 s at the Viking altitude. In a recent statistical survey by DE 2 at an altitude of 300-1000 km, Erlandson and Anderson [1996] observed wave durations from a few seconds to above 60 s, with a median of 14 s.
The two low-frequency bursts (B1 and B2) were located at L = 6:2 and covered (from start of B1 to end of B2) an L shell range of about 0.18-0.20. This corresponds to an invariant latitude range of about 0.4 ± -0.5 ± . Interestingly, nearly the same value (0.5 ± ) is found also for the high-frequency wave region consisting of three bursts (B6-B8). This common estimate for the latitudinal width of the two main EMIC wave regions observed by Viking is in excellent agreement with the earlier result obtained at lower altitudes by the Freja satellite [Mursula et al., 1994a] . There, because of the lower altitude of the Freja satellite only single Pc 1 bursts were observed during a passage through a wave region, and the latitude range was derived from the variation of the burst duration as a function of the geomagnetic inclination of the satellite orbit. Accordingly, the present results give independent and more direct evidence for the previously obtained value and verify the estimate for waves observed at higher altitudes. (We would also like to note that both the previous Freja and the present Viking estimates were obtained during geomagnetically quiet times.) In the present event, more than one burst is observed for both wave regions, and the burst repetition period can be derived for both (see later). If no information about the repetition period exists and only one burst is observed in a wave region, the accuracy of the estimate for the latitude width remains undetermined. This was the case in the earlier low-altitude method [Mursula et al., 1994a] , where only statistical arguments could be given in order to exclude the possibility that additional wave bursts might have been missed. Moreover, the burst repetition period observed now is quite short, which makes the latitude width estimate fairly accurate. Accordingly, the present results strongly support the view that the EMIC waves are, at least during geomagnetically quiet times, concentrated to latitudinally fairly narrow shells. (They may, however, be longitudinally much more extended.)
The observed latitudinal width may re°ect conditions at the equatorial source region or those during wave propagation from the source toward lower altitudes. The latter may include, for example, density gradients forming suitable ducts for wave propagation [Mazur and Potapov, 1983; Thorne and Horne, 1992] . Equatorial density enhancements may also exist, which restrict the wave occurrence to the observed narrow latitude width. However, in both models it is quite di±cult to explain the two simultaneous Viking sources with similar widths, since a rather fortuitous plasma distribution is needed. Furthermore, the temporal evolution of the high-frequency source would require an appropriate motion of the density enhancement, while the other enhancement of the lowfrequency source stays constant for several hours.
Another possibility is that the latitude width is determined by the radial width of the energetic ion population at the equatorial source region of waves. Taking the equatorial magnetic¯eld value of about 130 nT, the Larmor radius of a 100 keV proton is about 0.06 R e . Thus, the obtained latitude width of about 0.2 L corresponds to only a few equatorial Larmor radii of protons of appropriate energy. Moreover, the equatorial distance between the two wave sources (from L = 6:2 to L = 5:6) is about ten Larmor radii long. This would suggest that each wave band is produced by a rather localized and coherent group of ions.
Burst Repetition Period
Let us now study the time di®erences between the various Viking bursts. We will call the time di®erence between two subsequent bursts of the same frequency the repetition period of the respective wave source. As we will argue in this section, this is not the repetition period of one and the same wave packet bouncing between the two hemispheres. The repetition period of the low-frequency source (B1-B2) was estimated with di®erent methods, which gave values varying between 42 s (from burst half widths) to 45 s (from amplitude peak to peak). The repetition time estimated from the lag of the autocorrelation function maximum was 44 s. Accordingly, all these estimates agree within a couple of seconds at T (low f ) = 43-44 s. The two repetition periods obtained from the three bursts of the high-frequency source were somewhat di®erent, about 45 s (B6-B7) and 35 s (B7-B8), giving an average repetition period of about 40 s. Moreover, the maximum autocorrelation for bursts B6-B8 was obtained with a lag of about 42 s. Thus the repetition period of the high-frequency source was about T (high f ) = 40-42 s, i.e., a few seconds shorter than that of the lowfrequency source.
The¯eld line lengths of the low-and high-frequency wave regions are about 15 R e and 13.5 R e , respectively. (Very similar values were obtained both from the dipole model and the Tsyganenko [1989] model. Note that the late morning MLT sector, moderate invariant latitude, and low geomagnetic activity suggest fairly dipole-like¯eld lines.) If one would assume that the two low-frequency bursts are due to one wave packet bouncing between the two hemispheres along the¯eld line, one obtains, using the above estimate for the burst repetition period, an average propagation velocity of about 4400-4500 km/s. Similarly, the average velocity of the bouncing wave packet producing the high-frequency waves should be about 4200-4400 km/s. (Note that according to the BWP model the Viking bursts should contain both downgoing and upcoming waves which, however, cannot be resolved in the waveform because of the low satellite altitude and high wave speed. Therefore the burst repetition periods derived above correspond to the full length of thē eld line rather than just the portion above Viking.) These values are clearly far above any estimates for the propagation speeds of ion cyclotron waves in the magnetosphere. Also, they are considerably higher than the estimates for local Alfv ¶ en velocity derived above. The above BWP estimate is the average propagation speed over the whole path, but local velocities vary. Theoretical estimates of the local Alfv ¶ en velocity suggest that the velocity decreases at altitudes above Viking but increases at lower altitudes, reaching a maximum at the altitude of a few thousand kilometers and then rapidly decreasing (see, e.g., Leonovich and Mazur, 1991; R.L. Lysak, Propagation of Alfv ¶ en waves through the ionosphere, submitted to the Journal of Geophysical Research, 1997). Accordingly, the local Alfv ¶ en velocity measured at Viking gives an upper limit for the Alfv ¶ en velocity at altitudes above the spacecraft and a lower limit below it (until the maximum). For a wave packet bouncing back and forth between the two hemispheres the part of the propagation path at altitudes below Viking is only about one third (4 times Viking to ground; about 8-10 R e ) of the whole propagation path. Thus the effective overall velocity below Viking altitude should be correspondingly higher than the Alfv ¶ en velocity measured at Viking. However, we noted in section 2.2 that the Viking bursts were observed on ground some 15-20 s later than at Viking. This gives an average propagation speed of about 800-1100 km/s for the path from Viking to ground, i.e., even smaller than the local Alfv ¶ en velocity at Viking. This value is also in good agreement with a recent similar estimate by , who derived the Pc 1 wave transit time from Viking to ground to be 12 § 2 s (corresponding to average propagation speed of 1000-1100 km/s) at a similar altitude and only slightly lower L. Assuming the e®ective propagation speed at altitudes below Viking to be about 1100 km/s implies that the wave spends at least 48 s at these low altitudes, i.e., longer than the observed burst repetition period, leaving no time for propagation at altitudes above Viking. This result is a clear contradiction with the BWP hypothesis. Moreover, as noted above, the Alfv ¶ en velocity is expected to decrease above Viking. Using the measured Alfv ¶ en velocity of the Viking lowfrequency source implies that the wave spends at least 45-50 s at altitudes above Viking. Note also that the heavy ion e®ects (nonzero frequency e®ects) tend to decrease the wave group velocity close to the equator where wave frequency approaches the local heavy ion gyrofrequency [Fraser, 1972; Ludlow and Hughes, 1993] . It has been estimated [Erlandson et al., 1992] that this e®ect decreases the overall propagation speed to approximately one half of the Alfv ¶ en velocity. Accordingly, the nonzero frequency e®ect will further strengthen the disagreement with the BWP hypothesis.
However, one might think that the two bursts of the low-frequency source might be due to one packet that is¯rst going down and soon coming up. Using the path length of 4-5 R e and the above time di®erence, one¯nds an average speed of about 600-750 km/s, which is quite a reasonable estimate Erlandson and Anderson, 1996] . However, there are several arguments which deny this possibility. First, according to this scenario the upcoming burst should be clearly weaker than the downgoing wave. The fraction of re°ected (upcoming) wave°ux has been limited quite small, below 10-20%, by Erlandson et al. [1992] . However, our observations show that the second burst is at least as strong as the¯rst one. Second, we calculated the¯eld-aligned component of the Poynting°ux and found no signi¯cant difference between the two bursts. Both bursts included both upward and downward parts with the latter dominating. Third, the same idea does not apply to the three bursts of the high-frequency source, because either of the two time di®erences should correspond to the (nearly) full path to and from the other hemisphere, leading to the above discussed di±culty. The longer time gap between B6 and B7 of course would suggest that B6 and B8 are upcoming and B7 is downgoing. Taking into account that B7 is weaker than the two other bursts, this leads to the same problem with amplitudes as in case of the low-frequency bursts. Also, the Poynting°ux of the three high-frequency bursts was even more clearly downward dominated than for the low-frequency bursts. Therefore we are convinced that the bouncing wave packet hypothesis cannot be reconciled with the present observations in any possible con¯guration of the wave bursts.
Alternate Models of Burst Generation
Two alternatives to the bouncing wave packet hypothesis, which both include an equatorial modulator of Pc 1 waves, were discussed recently by Erlandson et al. [1992] . One mechanism is based on the observation that the bounce period of ions with energies suitable for Pc 1 production are close to the observed wave repetition period. For example, the appropriate proton energy corresponding to the observed wave repetition period ranges from about 35 keV to about 120 keV, depending on the pitch angle varied here from 85
± to 5 ± . (The energy required from heavier ions would be correspondingly higher.) Accordingly, phase-bunched ions bouncing from one hemisphere to another would produce one wave packet at every equatorial crossing. The wave repetition period on the ground would, however, be the same as the ion bounce period, since the resonance condition requires an antiparallel motion of ions and waves. Thus only every second crossing would produce a wave packet propagating in the same direction. However, the main problem for this model is to develop a detailed physical theory for the phase bunching of ions. Moreover, observational evidence for this mechanism is still quite meager.
Another alternative model for producing nonbouncing Pc 1 wave bursts invokes long-period ULF waves. This model is based on the idea that a ULF wave that has a su±ciently large amplitude at the equatorial Pc 1 source region could a®ect the relevant plasma parameters and thus modify the Pc 1 growth rate. This would lead to Pc 1 wave generation whose amplitude varies at the period of the longperiod wave. For example, variations of magnetic¯eld intensity induced by a compressional ULF wave could cause a change in Pc 1 growth rate by increasing the ion temperature anisotropy above the critical value [Cornwall, 1966; Kennel and Petschek, 1966; Olson and Lee, 1983] . In order to have large variations in Pc 1 wave growth (and little growth at a certain phase) this model requires that plasma is close to the conditions leading to ion cyclotron instability. EMIC wave generation in such marginally stable conditions was studied recently [Gail, 1990] . Erlandson et al. [1992] did not observe long-period waves during their pearl Pc 1 event, making them conclude that if the ULF wave model should work at all, the long-period waves should be localized around the equator. Such localized waves have indeed been found [Engebretson et al., 1988] . However, they were found to be mainly radially polarized with little power in the compressional component, excluding a straightfor-ward identi¯cation with the proposed mechanism. In a recent paper, Plyasova-Bakounina et al. [1996] studied events where simultaneous Pc 1 and Pc 4/5 pulsations were observed on the ground and Pc 1 bursts were repeated at Pc 4/5 oscillation period. Similar observations have also been made close to the equator by the CRRES satellite [Rasinkangas et al., 1994] . In the present event, strong Pc 3/4 waves were observed on the ground at all stations with a period close to 40 s. Therefore the ULF wave model seems to be supported in the present case. These observations are currently being analyzed, and the results will be published in another paper.
Finally, we would like to note that the ratio of thē eld line length and the observed repetition period was found to be almost the same for the two wave sources. In the phase-bunching model this is trivially explained. However, the ULF wave model may accommodate this fact as well. It is well known, for example, that in the case of a¯eld line resonance the ULF wave period changes with latitude. If the plasma density remains constant with latitude (or changes slowly within the limited latitude range), the period is essentially proportional to the¯eld line length, in agreement with present observations.
Summary and Conclusion
In this paper we have analyzed a Pc 1 event where initially one wave band on the ground was observed to evolve smoothly to two separate bands. This separation was veri¯ed in space by the Viking satellite, which passed through the two wave regions in the middle of the event. The outer (inner) wave region at L = 6:2 (L = 5:6) had a frequency of about 0.3 Hz (0.5 Hz), both below the calculated equatorial helium gyrofrequency. The higher frequency at lower latitude is in agreement with the corresponding increase of the equatorial magnetic¯eld intensity.
We estimated the Alfv ¶ en velocity from the ratio of one transverse electric component and the corresponding magnetic wave component. The low-frequency waves had a somewhat larger Alfv ¶ en velocity (about 2500 km/s) than the high-frequency waves (1000-1500 km/s). (However, this estimate su®ers from the lack of the other transverse electric¯eld component.) In both source regions the waves were constrained to a narrow latitude range of about 0.5 ± of invariant latitude, in accordance with similar estimates from satellite observations at lower altitudes [Mursula et al., 1994a] .
Both of the two Viking wave source regions consisted of separate, repeated wave bursts. The burst duration was about 30-40 s, well in agreement with earlier observations during a Pc 1 pearl event at similar altitudes [Erlandson et al., 1992] and somewhat longer than observed at lower altitudes [Iyemori and Hayashi, 1989; Mursula et al., 1994a] . The burst repetition periods were roughly the same for both wave regions, about 40-45 s, and somewhat shorter than observed earlier during a pearl Pc 1 event at a fairly similar spatial location [Erlandson et al., 1992] . After a detailed analysis of the repeated bursts we conclude that the observed wave bursts cannot be produced by a wave packet bouncing between the two hemispheres, a hypothesis which has been the paradigm for repetitive Pc 1 emissions observed on the ground for more than 30 years [Jacobs and Watanabe, 1964; Obayashi, 1965] .
We discussed two alternatives to the bouncing wave packet model. One model invokes phase-bunched energetic ions, and the other invokes long-period ULF waves. According to both models, Pc 1 wave growth is modulated at or close to the equatorial source regions of waves, where separate wave bursts are formed. The wave bursts propagate from the equatorial source region into the two ionospheres, explaining naturally the fact that the Poynting°ux is directed away from the equator [Mauk and McPherron, 1980; Erlandson et al., 1990; LaBelle and Treumann, 1992; Fraser et al., 1996] . We noted that in the present event, strong Pc 3/4 waves are observed on the ground with a period coinciding well with the repetition period of the observed Pc 1 bursts. These ULF waves will be analyzed in more detail in a subsequent publication.
We note that the ground waves of the present event were classi¯ed as hydromagnetic chorus type Pc 1's [Fukunishi et al., 1981] rather than pearl Pc 1's because of a strong di®use background. However, the wave intensity on the ground was strongly°uctuating, and several dispersive pearls were observed among the di®use background. It is evident from the presented Viking results that the HM chorus events may consist of similar repetitive bursts as observed for pearl waves. We found that most properties (frequency, amplitude, burst duration, latitude width) of the bursts of the present HM event were the same as those of a pearl wave [Erlandson et al., 1992] . This suggests a close connection between the pearl and HM chorus type Pc 1's.
The burst repetition period was somewhat shorter in the present HM event than found earlier for a pearl event at similar altitude and MLT sector but with a lower L shell [Erlandson et al., 1992] . (In fact, the higher repetition rate of HM bursts may be the reason why these waves have a large di®use background and are classi¯ed as HM chorus. If there is more than one wave source with slightly di®erent repetition periods, the bursts could interfere on the ground and lead to a di®use signal with no clear repetitive structure. This would occur more easily in case of high than low repetition rate.) The possibility that the higherlatitude HM bursts might, generally, have a shorter repetition period than the similar pearl bursts at lower latitudes is very important, since it can be used to distinguish between the two models discussed above as alternatives to the bouncing wave packet model. The model of phase-bunched ions predicts a continuous increase of the repetition period with latitude (¯eld line length), thus contradicting with the above scenario. However, the ULF model can explain the observations by the e®ect of the plasma density on wave period. Considerably longer (shorter) wave periods for the same wave mode are predicted inside (outside) the plasmapause on rather close-by¯eld lines. Since pearls are known to occur mainly inside the plasmapause [Taylor and Lyons, 1976; Fraser et al., 1989; Erlandson et al., 1990 Erlandson et al., , 1992 , their observed longer repetition period can be understood by the ULF model. The shorter repetition period of the HM bursts agrees with the fact that they occur at higher latitudes, outside the plasmapause.
In the present case, spacecraft potential measurements indicate a constant slow increase of plasma density before, during, and somewhat after the event. Although no clear signal for plasmapause was observed (most probably because of observational constraints), the relative rate of change and absolute level of potential suggest that plasmapause was located at about L = 5:2. Also, the plasmapause model by Carpenter and , when calculated for conditions prevailing during the present event, locates both Viking Pc 1 sources close to the outer edge of the plasmapause, in agreement with the ULF model.
Concluding, we note that the results presented in this paper form a new and unifying scenario between di®erent Pc 1 wave types, in particular, the pearl Pc 1's and HM chorus. While the pearls are modulated Pc 1 waves propagating within or at the plasmapause, the HM chorus events consist of similar wave packets propagating outside the plasmasphere. Moreover, since the bouncing wave packet model could be excluded in the present paper as an explanation for the exoplasmaspheric Pc 1 (HM chorus) bursts, it is natural to suggest that the same is true for more clear (plasmaspheric) pearl events as well. The above results suggest that Pc 1 modulation by ULF waves is the more viable candidate out of the two alternative models discussed. Here f , wave frequency; fg, equatorial He + gyrofrequency; f=fg, frequency ratio; A(E2), electric¯eld amplitude; A(B3), magnetic¯eld amplitude; VA, Alfv ¶ en speed.
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